ABSTRACT: Solution-processed ZnO sol-gel or nanoparticles are widely used as the electron transporting layer (ETL) in optoelectronic devices. However, chemisorbed oxygen on the ZnO layer surface has been shown to be detrimental for the device performance as well as stability. Herein, we demonstrate that a chemisorbed oxygen removal based on a UV illumination of the ZnO surface layer under a nitrogen atmosphere can, simultaneously, improve power conversion efficiency and photostability of PTB7-Th: PC 71 BM based inverted polymer solar cells. By a systematic study of such UV illumination procedure, we obtained optimal conditions where, both, the cell efficiency and stability were improved. We fabricated cells with a power conversion efficiency higher than 9.8%, and with a T 80 lifetime larger than 500 hours, corresponding to about a 2.5-fold enhancement relative to non-UV treated ZnO reference devices.
As it has been noted in several occasions, the sunlight to electricity conversion remains as one of the most viable alternatives to, simultaneously, satisfy an ever increasing energy demand with the fight against the global warming attributed to an extensive use of fossil fuels. 1, 2 Presently, the exponential decrease in silicon module fabrication costs makes such technology the most competitive one to fit into the traditional large scale electricity production system. However, in other applications that may require flexibility, semi-transparency, or light weight, the organic photovoltaics (OPV) is, certainly, one of the most promising candidates. occasions. [7] [8] [9] [10] [11] [12] [13] Contrary to some hybrid material based solar cells which exhibit a high dispersion in their performance, the reproducibility of the PV parameters for PTB7-Th or PTB7 based cells is remarkable. 14 Yet, several studies have shown that such PTB7 or PTB7-Th based cells exhibit a poor stability under different environmental conditions. [15] [16] [17] The physics underlying the degradation dynamics is not fully understood, but molecular oxygen has been seen to be one of the corrosive agents that may strongly affect and degrade the composition of the blend active layer. [19] [20] [21] [22] A passive isolation from such corrosive elements has been shown to enhance the lifetime of the OPV cells, however, an active removal of the oxygen has never been implemented to demonstrate a cell lifetime increase.
In the present study, we report an effective approach to, simultaneously, improve device efficiency and photo-stability by removing chemisorbed oxygen on the ZnO electron transporting layer (ETL). This is achieved by ultraviolet (UV, 254 nm) irradiation on the ZnO layer in a N 2 -filled glovebox (hereafter as UVN treatment). Such treatment was performed prior to the deposition of the photoactive layer, which is composed of the PTB7- 
RESULTS AND DISCUSSION
In the study we consider the performance and degradation dynamics of encapsulated cells under a continuous 1 Sun illumination. As indicated above, such performance is strongly dependent on the electron transporting and photoactive layers. In the inverted architecture devices we fabricated, such layers were a 20 nm sol-gel deposited ZnO ETL and a 95 ± 5 nm bulk heterojunction blends of PTB7-Th:PC 71 BM, as seen in Figure 1A . The chemical composition of the donor and acceptor materials is shown in Figure 1B . In several of the fabricated devices the interfacial properties of the ZnO layer were tailored with the UVN treatment described above. Unless otherwise specified, a glass-on-glass encapsulation was applied in the glovebox to all devices before testing them in ambient air. Additional details on the device fabrication procedure are given in the experimental section.
Prior to such solar cell fabrication, and with the aim to evaluate the stability of the photoactive layer, we measured the optical transmittance of an ITO/photo-active film when irradiated under AM 1.5G with 100 mW/cm 2 light intensity in ambient air, shown in Figure 1C . After 5 hours of continuous illumination, an increase in the transmittance spectra was seen in the 500 nm to 800 nm range, but no change was found in the 300 nm to 450 nm range, such wavelength ranges were ascribed to the PTB7-Th and PC 71 BM components, respectively.
Such increase in transmission in the former wavelength range indicates that the π-conjugated PTB7-Th backbone is easily damaged with the combined exposure to air and light. However, such conjugated backbone part of the polymer, showed an excellent photo-stability when encapsulated in the glove-box. As shown in Figure 1D , no change in the transmittance spectra was observed after 500 hours of a continuous full-sun light-aging experiment. One may conclude that long term photo-stable PTB7-Th: PC 71 BM cells can be obtained if the oxygen content within the device is kept at an extremely low level. Table 1 . The UVN-treated ZnO interlayer leads to a slight improvement in the fill factor (FF) and a significant enhancement in the short-circuit current (J sc ). The latter one is confirmed by the external quantum efficiency (EQE) measurment, shown in Figure 2B , where UVN treated ZnO cells exhibit an enhanced efficiency throughout the full spectral range.
It is generally accepted that the surface of a ZnO film contains many oxygen vacancies (or Zn 2+ ), which are deep electron-donating sites. 24 The electrons in these sites (around 1 eV below the conduction band) are likely to interact with molecular oxygen from the ambient air during film preparation, leading to the formation of chemisorbed O 2 -species, as schematically illustrated in Figure 2C . 25 This typically results in a high density of surface defects and thus an undesirable energy barrier for electron transport and extraction. We confirmed the presence of such energy barrier for the untreated ZnO cells illuminating them with a GG475 filtered AM1.5 G source. In that event, an s-shape can be seen in the J-V curves shown in Figure   S1A . Upon illumination with UV light above the band gap of ZnO, electron-hole pairs are generated and free holes are likely to migrate and recombine with the near trapped electrons.
Consequently, the O 2 -species are neutralized and detached from the ZnO film. [26] [27] [28] In the event that such UV-treated ZnO layers are placed again in ambient air the reverse process occurs within minutes. We completed a cell with such UVN treated ZnO layer but placed in air, and observed a performance no different than the reference cell. Therefore, to avoid oxygen re-absorption we implemented the UV treatment in an inert atmosphere (O 2 content < 10 ppm) and kept the cells in this atmosphere until completed. 29 As shown in Figure S1B no barrier is seen for such UVN-treated cells.
Given the complexity of ZnO Surfaces
30
, the type of UV-treatment applied may also result in the desorption of hydroxyl groups 31 or the destruction of organic solvent residues 32 . However, such changes may have a smaller effect in the degradation dynamics for the type blend under consideration. Indeed, as it was recently demonstrated oxygen is a major source in the destruction of the PTB7 polymer conjugation. 16 In addition, it has been shown that the combined effect of light and oxygen strongly reduces electronic properties in the PC 71 BM phase. 33 We investigated the effect of the UVN exposure time on the device performance. As shown in Figure 2D , the largest improvement in FF was obtained for a 20 min exposure while enhancements in J sc were observed for all UVN-treated devices when compared to reference cells. Provided that the Voc did not change except for exposure times larger than 20 min, as seen in Figure 2E , we concluded that the 20 min UVN treatment led to the largest PCE as seen in Table S1 . Such optimal performance was attributed to enhanced conductivity of the ZnO ETL and reduced interface recombination 29, 34 , which was confirmed by the I-V conductivity measurements from diode devices of ITO/ZnO (w/o UVN treatment) (100 nm)/Al, as shown in Figure S2 . The electrical conductivity under illumination for UVNtreated ZnO film was ~ 4.16×10 -4 S/m, about 1.5 times higher than the one from as-prepared
ZnO film. The current in UVN-treated ZnO film increased by ~22-fold at 1 V in the dark compared to as-prepared ZnO. Such features indicate that the chemisorbed O 2 -defects on ZnO surface were significantly reduced by UVN treatment which led to the enhancement in electron concentration on the ZnO conduction band. However, one should note that UV exposures larger than 20 min increased the carrier concentration in the ZnO ETL to a level where carrier selectivity was lost and the cell electrical properties degraded 35 . This led to the reduction in FF and V oc seen in Figure 2E and to an increase in the series resistance seen in Table S1 . The UV-induced shunt recombination caused by such very high n-doping ZnO resulted in the tunneling of holes from the adjacent PTB7-Th valence band into the ZnO conduction band. 25 Note also that, as seen in Figure S1 , the UVN pre-treated ZnO cells do not require a UV activation similarly to the Al-doped ZnO (AZO) devices 36 .
Effect of UVN Treatment on Device Photostability
As indicated, the finished reference and UVN-treated ZnO devices were subjected to a continuous UV filtered AM1.5G 1 sun aging in an open-circuit configuration in air. The UV light at wavelengths below 400 nm was filtered out using a GG400 filter in order to reduce the undesirable photochemical reactions and burn-in loss [37] [38] . An in-depth study on the burn-in degradation dynamics for PTB7-Th: PC 71 BM based inverted cells will be published elsewhere. 39 Beyond 100 hours of light exposure, when the burn-in loss effect becomes marginal, we observe ( Figure 3A and Table 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3B. One may confirm the effectiveness of the active oxygen removal induced by the UV light by comparing the decay dynamics of the UVN-treated cell with cells fabricated using an oxygen-free ETL as the poly [(9,9-bis(3-(N,N-dimethylamino)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-fluorene)] (PFN). In both cases, as seen in Figure 3A , the measured decay time beyond 100 hours is close to the one measured for the UVN-treated cell. Indeed, beyond the effect of the burn-in, for all four cases under consideration the device evolution dynamics can be adjusted to a single exponential decay, as seen in Figure S4 . 23 The decay time for the reference cell was determined to be less than two thousand hours while for the other three cells the decay time is about two times larger, being the decay time for the UVN-treated device the largest one, as seen in Table S2 . The three cells with a molecular-oxygen-free ETL exhibited T 80 lifetimes in the 500-550 hours range, while that for the reference T 80 lifetime for was close to 2.5 times smaller as seen in Table 1 . T 80 corresponds to the time it takes for the cell PCE to drop to 80% of its initial value. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 It is also worth noting that the oxygen removal approach we implemented for the PTB7-Th:
PC 71 BM cells can also be successfully applied to other high performance low band gap photoactive materials. Simultaneous enhancement in the PCE and photo-stability were also demonstrated for PffBT4T-OD: PC 71 BM inverted cells 43 when the UVN-treated ZnO ETL was incorporated. UVN-treated ZnO devices showed an enhanced average PCE of 9.5% compared to 9.1% for the reference devices without further optimization (See Table S3 ). An enhanced photo-stability indicating a 45% PCE loss for the treated cell over a 60% loss for the untreated one, under a UV-filtered illumination for 120 hours, as seen in Figure S5 .
CONCLUSION
In summary, we have demonstrated that PTB7-Th polymer based cells have the potential to become very stable provided that finished devices are not under the action of strong oxidizing elements like oxygen. We have shown that the light transmission spectrum from an encapsulated PTB7-Th: PC 71 BM blend layer remains unaltered even when under continuous 1 Sun illumination. However, for a long term stability of such polymer solar devices, isolation from corrosive elements may not be sufficient. An active removal of such elements, which may be embedded in small quantities in the finished device during the fabrication process, must be implemented. The combined effect of such elements and 1 sun illumination provides an irreversible degradation to the devices which show no recovery even when stored in dark for a long time. We demonstrated that the active removal of oxygen molecules adsorbed on the ETL and photoactive material interface increases the lifetime of high performance low band gap polymer cells with improved device initial PV parameters. Finally, it is worth mentioning that the oxygen removal procedure we considered is simple and a low cost implementation for a large scale production of polymer solar panels should be feasible. 
EXPERIMENTAL SECTION

Materials and device fabrication:
The polymer PTB7-Th (Commercial name: PCE-10, Lot
No.YY7096, 1-material), and PC 71 BM (purity > 99%, American Dye Source) were used as received without further purification. The sol-gel ZnO precursor solutions (0.3 M) were prepared according to previously reported method elsewhere. 44 Solutions of PTB7-Th: ETL device, to alleviate the Schottky-contact energy barrier between ITO and PC 71 BM, the ITO surface was also UV illuminated in the glovebox for 20 min prior to deposition of the photoactive layer. 45 PFN interlayer was prepared following the recipe of previous reports.
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